W ithin the field of gastroenterology, the majority of symptoms cannot be explained by structural abnormalities detected on routine investigations. 1 Many of these symptoms are clustered together forming the functional gastrointestinal disorders, as defined by the Rome II criteria. 2 3 The pathophysiology behind these disorders is still incompletely known. 4 In the search for possible pathophysiological factors of functional gastrointestinal disorders, several authors have used different hydrogen breath tests in recent years to detect various abnormalities, such as carbohydrate malabsorption [5] [6] [7] and small intestinal bacterial overgrowth (SIBO). 8 9 However, these tests are indirect, with several drawbacks and pitfalls. In this article, we will review the literature on the use of hydrogen breath tests to detect carbohydrate malabsorption and SIBO, and highlight the controversies and inconsistencies in the interpretation of these tests, especially regarding the relevance of fructose malabsorption and SIBO in patients with functional gastrointestinal disorders.
HYDROGEN BREATH TESTS
Hydrogen breath tests are based on the fact that there is no source for hydrogen gas in humans other than bacterial metabolism of carbohydrates. 10 For these tests different carbohydrates are administered orally and the concentration of hydrogen is measured in expired air. When defective sugar absorption is present, unabsorbed sugars are available in the colon for bacterial fermentation, and in the case of SIBO the bacterial population migrates proximally in the small intestine gaining access to the sugars. When exposed to bacteria in the bowel, the substrate will be metabolised to hydrogen, which is quickly absorbed, expired, and possible to measure in expired air (fig 1) . The different tests are performed in the fasting state after at least one day of a low fibre diet. Smoking raises and exercise lowers hydrogen concentrations and is therefore not allowed during the test. 11 Glucose 12 13 or lactulose 14 are the most commonly used substrates for diagnosis of SIBO whereas the different sugars tested for carbohydrates malabsorption are given to detect these disorders. 15 ''Hydrogen breath tests are based on the fact that there is no source for hydrogen gas in humans other than bacterial metabolism of carbohydrates''
The hydrogen breath test depends on the presence of hydrogen producing bacteria. However, a considerable proportion of nonhydrogen producing bacteria, which can yield false negative results, has been observed in some 12 16 17 but not all studies. [18] [19] [20] Several other potential sources of error exist, such as carbohydrate malabsorption in chronic pancreatitis and coeliac disease, with false positive tests for SIBO due to colonic fermentation and gas production, [20] [21] [22] [23] and gastrointestinal motor disorders, where delayed gastric emptying may cause false negative tests 24 and rapid transit through the small bowel will produce false positive breath tests. 22 25-27 False positive results may also be due to the oral bacterial flora and if the subject has failed to adhere to a low fibre diet the day before the test.
CARBOHYDRATE MALABSORPTION
Carbohydrate digestion and absorption Almost all carbohydrates from the diet are large polysaccharides or disaccharides. In order to be adequately absorbed from the intestine into portal blood, poly-and disaccharides must undergo digestion in order to become absorbable monosaccharides (glucose, galactose, and fructose). For this, different enzymes are required, such as pancreatic amylase and intestinal epithelial enzymes (that is, lactase, sucrase, and maltase). Absorption is mainly an active transport, with selectivity for specific monosaccharides and competition between different sugars. Therefore, the composition of the diet influences the efficiency of carbohydrate absorption and the amount of carbohydrates that reaches the colon unabsorbed.
Carbohydrates that reach the colon unabsorbed are fermented by bacteria and have been proposed to be of importance for symptoms such as bloating, abdominal distension, and diarrhoea. In particular, lactose, 7 28-30 fructose, and sorbitol 5 31 has been extensively studied in patients with functional gastrointestinal disorders but more complex carbohydrates that escape small bowel absorption may be of even greater importance. 32 
Lactose malabsorption

Lactose absorption
Lactose, found in milk, is a disaccharide composed of galactose and glucose. It is digested by lactase, which is found on the brush border of small intestine epithelium, into glucose and galactose, and these monosaccharides can then be absorbed. Lactose maldigestion is the incomplete hydrolysis of lactose due to lactase deficiency, which may occur as a primary disorder 33 or secondary to another disorder of the small intestinal mucosa, for instance coeliac disease. 34 The vast majority of patients with the primary form have an acquired deficiency (that is, enzyme activity is normal during the first years of life but then declines with ageing). Because lactose cannot be absorbed it passes into the colon and through increased fluid secretion and gas production it can lead to gastrointestinal symptoms referred to as lactose intolerance. There are marked racial differences in the prevalence of lactase deficiency, with the prevalence being 3-8% in Scandinavia and Northwest Europe, increasing to close to 100% in Southeast Asia. In Europe, the frequency increases in southern and eastern directions, reaching 70% in southern Italy and Turkey. 15 
Testing for lactose malabsorption
The most common test today to diagnose lactose malabsorption is the lactose hydrogen breath test. Breath hydrogen is measured following ingestion of 25-50 g lactose dissolved in 100-500 ml of water, and after intake hydrogen concentration in end expiratory air is determined at 15-30 minutes intervals for 4-5 hours. The definition of a positive test has varied but a rise of 10-20 ppm over basal values is usually considered to indicate lactose malabsorption. The rise should be detected in more than one breath sample. A positive test indicative of lactose malabsorption usually peaks at 2-4 hours (fig 2) , while an early peak (within one hour of ingestion) may reflect rapid small bowel transit, SIBO, or substrate fermentation by the oral flora. The appearance of gastrointestinal symptoms during the test is also assessed to evaluate the presence of subjective lactose intolerance. However, this is usually done with the patient knowing that he/she has ingested lactose, which makes the usefulness of this information unclear. Importantly, there are great discrepancies between the presence of lactose maldigestion and symptoms of lactose intolerance, 35 36 and lactose maldigesters can usually tolerate small amounts of lactose, up to 240 ml of milk (12.1 g lactose) daily according to one study, with minimal or no symptoms. 35 37 Lactose malabsorption in functional gastrointestinal disorders
The importance of lactose malabsorption for gastrointestinal symptoms in irritable bowel syndrome (IBS) and other functional gastrointestinal disorders is controversial. The majority of studies, including a recent large survey of more than 1000 IBS patients, found the prevalence of lactose malabsorption in IBS subjects to be virtually the same as in the normal population. 28 30 36 38 39 As stated previously, the prevalence of lactose maldigestion differs widely between different countries but the prevalence of IBS has not been found to differ substantially between countries with low versus high prevalence of lactose maldigestion. 28 30 38 The importance of lactose malabsorption in IBS is therefore questionable, and the association between these two conditions is probably a coincidence because both are common and would be expected to occur together. 40 However, in some studies, lactose malabsorption has been reported to be of great relevance for patients with IBS, and a positive effect on symptoms after lactose restriction has been demonstrated. 7 29 Moreover, subjective lactose intolerance might be more prevalent in IBS patients due to increased sensitivity to lactose maldigestion in some, and to yet unresolved issues in others. 7 36 29 41 ''The importance of lactose malabsorption for gastrointestinal symptoms in IBS and other functional gastrointestinal disorders is controversial''
The importance of factors other than maldigestion of lactose behind subjective lactose intolerance is supported by the fact that self reported milk intolerance in IBS patients does not help in identifying lactose malabsorbers. 42 43 Moreover, the majority of patients with lactose malabsorption can consume a considerable amount of lactose before having symptoms, 35 and the use of lactase treatment seems to be of limited value. 44 Therefore, subjective lactose intolerance is probably relevant only for a subgroup of IBS patients, especially in those consuming large amounts of dairy products. In these patients a lactose reduced diet might have a positive effect on some of the symptoms, especially diarrhoea and gas/bloating, but the general impression is that the importance of lactose malabsorption in IBS has been overestimated during the past, and that dietary lactose exclusion rarely ameliorates the symptoms to any large extent in these patients. 40 
Fructose malabsorption
Fructose absorption
Fructose is a ketohexose occurring naturally in its free form or as sucrose (glucose+fructose). It is widely used as a sweetener in different foods, beverages, and candy, and it is also present in fruits such as apples, peaches, cherries, and pears. 45 It is absorbed by carrier mediated facilitated diffusion and results indicate that the capacity for fructose absorption is small compared with that for sucrose and glucose. 46 The absorptive capacity for fructose varies greatly, but as high as 30-80% of healthy individuals tested with a hydrogen breath test demonstrated incomplete absorption of a 10% solution of 50 g of fructose. [47] [48] [49] These studies also demonstrated that the absorptive capacity was unrelated to age or sex but that it was dose and concentration dependent. To put this dose into perspective, mean daily intake of free fructose (sucrose excluded) in the US population has been found to be 16 g/day but ''heavy'' consumers may reach 60-100 g/day. 50 
Testing for fructose malabsorption
When testing for fructose malabsorption, 25-50 g of fructose dissolved in 150-250 ml of water have been used. Methodology and interpretation of results is otherwise similar to lactose, as described above (fig 2) . It is unclear what the optimal dosage of fructose is to detect clinically meaningful malabsorption. Another unresolved issue is how symptoms should be assessed during the test and to what extent these are reliable, as very few blinded studies have been performed and the majority of studies are also uncontrolled. Of great importance is also the fact that simultaneous ingestion of glucose increases fructose absorption, 48 49 and the majority of dietary sources of fructose also contain glucose. On the other hand, simultaneous ingestion of sorbitol, a naturally found sugar alcohol often used as a ''sugar free'' sweetener by the food industry, increases malabsorption of fructose. 51 Therefore, breath testing of fructose alone probably does not reflect fructose ingestion in everyday life, making interpretation of the test extremely unreliable from a clinical point of view.
Fructose malabsorption in functional gastrointestinal disorders
A controversial issue is the importance of symptomatic malabsorption of fructose and/or sorbitol in IBS and other functional gastrointestinal disorders. Based on the few direct comparisons existing in the literature, malabsorption of fructose and/or sorbitol is not more frequent in IBS patients than in healthy subjects. 6 31 52 53 However, one study demonstrated that IBS patients with incomplete absorption of fructose had significantly more severe symptoms after ingestion of fructose than IBS subjects without malabsorption, and the symptoms were enhanced by adding sorbitol, supporting the role of symptomatic fructose-sorbitol malabsorption in IBS. 5 A subsequent large study reported a similar proportion of fructose-sorbitol malabsorption in IBS patients with and without symptoms after intake of fructose and sorbitol, opposing the view of an important role for fructosesorbitol malabsorption in IBS. 31 A Spanish study found more severe symptoms after intake of a fructose-sorbitol mixture in patients with functional gastrointestinal disorders than after intake of sucrose as a control solution 6 whereas we found similar symptoms in IBS patients with subjective fruit intolerance after intake of a fructose-sorbitol mixture versus glucose (control), irrespective of the presence of fructose malabsorption. 54 ''Malabsorption of fructose and/or sorbitol is not more frequent in IBS patients than in healthy subjects''
As stated in a recent review, there is need for controlled studies clarifying the relation between incomplete fructose absorption and symptoms, and also assessing the effects of co-ingestion of other sugars on fructose absorption. 55 Until we have this information the role of fructose malabsorption tests in clinical practice remains uncertain. For IBS patients ingesting large amounts of fruits and/or products where artificial sweeteners are used, diets where fructose is empirically restricted might be tested.
SMALL INTESTINAL BACTERIAL OVERGROWTH
SIBO is a condition caused by an abnormal number of bacteria in the small intestine. Symptoms related to bacterial overgrowth in the small intestine are diarrhoea, weight loss, anaemia, and malabsorption. [56] [57] [58] [59] SIBO is a common cause of malabsorption and malnutrition, 56 60 especially among the elderly 61 62 and in patients with blind loops, 59 stenosis, 63 diverticula, 64 65 and motor disorders. 66 67 Recently, SIBO has been suggested to be associated with a large number of different conditions, such as coeliac disease, 34 chronic pancreatitis, 68 69 hypothyroidism, 70 Parkinson's disease, 71 and fibromyalgia. 72 However, the proposed contribution of SIBO to IBS has received the greatest attention, with studies demonstrating prevalence values of 38-84% of SIBO in IBS, 8 9 72-74 but these studies have been heavily criticised, [75] [76] [77] [78] [79] and contradictory results exist. 80 81 In most cases the diagnosis of SIBO has been established by the use of hydrogen breath tests, usually with glucose or lactulose. However, the use of breath tests and interpretation of the result require knowledge about these tests. In some studies discussion around possible sources of errors with the test has been very sparse, as well as alternative interpretations of the results. 68 82-85 ''SIBO is a condition caused by an abnormal number of bacteria in the small intestine''
Normal bowel flora
The concentration of bacteria in the gastrointestinal tract increases in a caudal direction (table 1). The stomach is almost sterile and the upper part of the small bowel contains only small numbers of bacteria. The flora consists mainly of Gram positive bacteria. Strictly anaerobes are rare. In the distal part of the small bowel, the flora more resembles that of the large bowel but the ileocaecal valve acts as a barrier, with an increase in bacteria concentration distally to the valve. Gram negative aerobes predominate and strictly anaerobes are common. In the colon, anaerobes outnumber aerobes. 86 87 There is large interindividual variability but within individuals the intestinal flora remains fairly constant over time. 86 Definition of SIBO For several reasons the stability of the bowel flora can become disturbed so that bacterial overgrowth may occur. In the context of SIBO, this usually means abnormal numbers of normal inhabitants of the gastrointestinal tract. As the normal upper small bowel harbours less than 10 4 colony forming units/ml and the vast majority of these bacteria are Gram positive aerobes, it is possible to define SIBO as conditions differing from this (for example, a total growth of .10 4 bacteria and/or growth of Gram negatives or anaerobes). This definition can be acceptable in a strictly microbiological context but for clinical use it is of limited value as symptoms of SIBO correlate poorly with this definition. SIBO is usually defined as a total growth of .10 5 colony forming units/ml intestinal fluid. 13 16 25 88 89 90 However, this definition is also insufficient as a substantial part of overgrowth with this definition consists of Gram positive flora. Gram positive overgrowth is mainly due to upper respiratory flora and is a frequent finding in the upper part of the small bowel of healthy elderly people 91 and has not been correlated with symptoms of SIBO. [92] [93] [94] [95] Growth of colonic-type bacteria (mainly Gram negatives, strictly anaerobes and enterococci) correlates with symptoms of SIBO. 56 57 60 Furthermore, these bacteria possess certain properties such as the ability to deconjugate bile salts, affect the binding capacity of intrinsic factor, and reduce the absorptive function of enterocytes, 87 96 mechanisms closely related to the symptoms of SIBO. A definition of SIBO as .10
5 colonic-type bacteria therefore seems to be more clinically relevant.
Tests for SIBO
Small intestinal culturing
Culture of small bowel content is the most direct method for diagnosing SIBO and culture of jejunal aspirate is by many considered to be the gold standard. However, there are several difficulties associated with culturing. Obtaining aspirate for cultures is cumbersome and results of culturing are not always representative. It is a common belief that cultures are often false negative, especially concerning obligate anaerobes. 60 97 Furthermore, only the upper part of the small bowel is accessible for culturing and bacteria have been proven to grow only at the actual location of the predisposing abnormality. 98 On the other hand, false positive cultures due to contamination, mainly from the oral flora, are also believed to be common. 99 
Breath tests
Because of the disadvantages with cultures, different breath tests have been developed. All of these are indirect tests based on certain metabolic characteristics unique for bacteria. There are three main types of breath tests used for diagnosing SIBO. The original breath test for diagnosing SIBO was the bile acid breath test, 100 101 depending on the ability of many types of bacteria to deconjugate bile acids, 56 but this test is rarely used today. In the 1 g 14 C-D-xylose breath test, 102 103 patients are given 1 g of 14 C labelled xylose which after absorption is normally secreted through the kidneys with only minor endogenous metabolism. In the case of bacteria in the small bowel, xylose is metabolised to 14 CO 2 which is absorbed and expired and thus possible to detect with a breath test (fig 1) , with an earlier peak implying jejunal overgrowth and a somewhat later peak more distal overgrowth (fig 3) .
''Hydrogen breath tests, using glucose or lactulose, are the most commonly used tests for SIBO today'' Hydrogen breath tests, using glucose 12 13 or lactulose, 14 are the most commonly used tests for SIBO today, and therefore the rest of the article will focus on these tests. Glucose is normally given in a dose of 50-75 g dissolved in water and lactulose in a dose of 10 g. H 2 in end expiratory breath samples are thereafter measured every 15 minutes for up to three hours. 
Abnormal versus normal results
Definitions of normal and abnormal results of breath tests are even more variable than for cultures. The lack of generally accepted definitions raises a situation where you can almost choose the test and definition that best suits your purpose. It is not uncommon to see the same authors change their definitions of a positive test in different papers. 8 9 72 Only a few papers have described adequately their reasons for choosing a certain cut off point. 23-25 104 Glucose is readily absorbed in the proximal small bowel, and in the absence of severe transit abnormalities it rarely reaches the colon, 26 105 making it an attractive substrate to detect at least proximal SIBO. The glucose hydrogen breath test is considered positive if there is a clearly recognisable hydrogen peak, exceeding 10-20 ppm (fig 3) . 12 13 89 High fasting concentrations may be due to SIBO but this is a very unspecific finding which may also be due to slow intestinal transit leaving a residue of poorly absorbable carbohydrates remaining in the colon. 16 Mostly, however, high fasting concentrations occur when the instruction to follow a low fibre diet before the test not has been followed.
Lactulose passes unabsorbed through the small bowel and into the colon. Therefore, apart from detecting SIBO, it can also be used as a measure of orocaecal transit. 106 The original definition of a positive lactulose test (that is, indicating SIBO) was an easily detected early hydrogen peak (.20 ppm), due to small intestinal bacteria, occurring at least 15 minutes before the later prolonged peak, corresponding to the passage of the remaining lactulose into the colon (fig 4) . 14 However, in some of the more recent studies, other less restrictive definitions, such as a rise in H 2 within 90 minutes, have been used, 9 72 74 which should be compared with the fact that the mean orocaecal transit time assessed with lactulose breath testing in healthy controls is slightly above 90 minutes. 106 107 Therefore, using this definition, 50% of healthy controls would be expected to suffer from SIBO! 79 ''The sensitivity and specificity of the lactulose hydrogen breath test in detecting SIBO has been reported to be only 68% and 44%, and for the glucose breath test 62% and 83%'' Moreover, without a clear second peak in the lactulose breath test, it is impossible to distinguish SIBO from colonic fermentation, often caused by rapid transit, 81 108 and importantly lactulose itself accelerates small bowel transit. 107 However, not even detection of two easily distinguishable hydrogen peaks is a safe criterion as it has been shown in transit studies that a bolus can reach the caecum, imitating the first peak followed by the body of lumen contents, producing a second peak, yielding false positive lactulose tests. 108 109 Therefore, it is not surprising that the sensitivity and specificity of the lactulose hydrogen breath test in detecting SIBO has been reported to be only 68% and 44%, and for the glucose breath test 62% and 83%. 16 Which test should be used?
There is no general agreement as to which breath test is preferable. 25 88 89 104 In some investigations the 1 g 14 C-Dxylose breath test has shown excellent results but this has not been confirmed in more recent studies. 23 25 104 However, as stated above, the hydrogen breath test with lactulose was found to have both lower specificity and sensitivity than other breath tests. 16 89 Although sensitivity in general is acceptable, because of the low specificity for diagnosing SIBO compared with jejunal cultures, it has even been questioned if breath tests are useful at all for diagnosing SIBO. 16 20 23 24 81 90 104 108 Is there a link between SIBO and IBS? Recent studies suggest a strong link between SIBO and IBS, using the lactulose breath test, 8 9 72 74 110 but others, using lactulose, glucose, and xylose breath tests, as well as jejunal cultures, have failed to confirm these findings. 80 81 It has been proposed that the reason for the poor concordance between the lactulose breath test and jejunal cultures and the other breath tests is that lactulose is not absorbed in the small bowel. Because of this, the lactulose breath test is thought to be superior in detecting ileal bacterial overgrowth. 8 9 As this part of the small bowel has other functions than the upper part, bacterial overgrowth of the distal small bowel may also cause different symptoms. Theoretically, it is possible that distal bacterial overgrowth would not cause malabsorption, but instead IBS symptoms. However, evidence of the existence of culture proven ileal bacterial overgrowth is lacking.
''Recent studies suggest a strong link between SIBO and IBS, using the lactulose breath test, but others, using lactulose, glucose, and xylose breath tests, as well as jejunal cultures, have failed to confirm these findings''
Pimentel et al have shown that the lactulose hydrogen breath test is often positive in IBS patients 8 9 72 and that treatment with antibiotics or a low fibre diet in patients with IBS and a positive lactulose hydrogen breath test improves symptoms and reduces breath hydrogen concentration. 9 111 Are these results really explained by the presence of SIBO? An alternative interpretation is that the positive breath test is due to hydrogen production by colonic bacteria and that treatment reduces the number of bacteria and their production of hydrogen. This is supported by preliminary findings from King and colleagues of abnormal colonic fermentation in IBS 112 and a more recent study from the same group 113 where they demonstrated that treatment of subjects with IBS with metronidazole or a low fibre diet improved symptoms, reduced gas excretion, and produced a corresponding decrease in the concentration of faecal bacteria. The studies by Pimentel and others have paved the way towards studying alterations in the gut flora of IBS and other functional gastrointestinal disorders. The story of SIBO and IBS has not come to an end and hopefully future studies will be performed using appropriate methods and correct interpretation of the results.
CONCLUSION
Hydrogen breath tests are simple and safe, providing us with an easy tool to unravel the pathophysiological alterations behind symptoms difficult to explain. However, these tests have a number of limitations. The importance of SIBO and bacteria in other parts of the gut for functional gastrointestinal symptoms remains to be determined, and breath tests used wisely can be important together with other techniques in future studies. Today, regular use of the lactulose breath test in clinical practice in the evaluation of symptoms in patients with suspected functional gastrointestinal disorders cannot be recommended. The relevance of maldigestion of specific carbohydrates, such as lactose and fructose, in functional gastrointestinal disorders is probably overestimated. However, in some patients with a large intake of products containing these sugars, a hydrogen breath test, followed by dietary restriction of the sugar in case of a positive test, may be advised. Hopefully, the occasional abuse of hydrogen breath tests seen today can be turned into proper clinical and scientific use in the future.
